There exist reaction products of nitric oxide (NO) with blood that conserve its bioactivity and transduce an endocrine vasomotor function under certain conditions. Although S-nitrosated albumin has been considered the major species subserving this activity, recent data suggest that additional NO species, such as nitrite, nitrated lipids, N-nitrosamine, and iron-nitrosyl complexes, may contribute. We therefore examined the end products of NO reactions in plasma and blood in vitro and in vivo by using reductive chemiluminescent assays and electron paramagnetic resonance spectroscopy. We found that NO complexes in plasma previously considered to be S-nitrosated albumin were <10 nM after elimination of nitrite and were mercury-stable, consistent with ironnitrosyl or N-nitrosamine complex. During clinical NO gas inhalation protocols or in vitro NO donor treatment of human plasma, S-nitroso-albumin did not form with NO exposure <2 M, but plasma methemoglobin was detectable by paramagnetic resonance spectroscopy. Consistent with this formation of methemoglobin, human plasma was found to consume Ϸ2 M NO at a rate equivalent to that of hemoglobin. This NO consumption was mediated by the reaction of NO with plasma haptoglobin-hemoglobin complexes and limited slower reaction pathways required for S-nitrosation. These data suggest that high-affinity, metalbased reactions in plasma with the haptoglobin-hemoglobin complex modulate plasmatic NO reaction products and limit S-nitrosation at low NO flux. The studies further suggest that alternative NO reaction end products in plasma, such as nitrite, N-nitrosamines, iron-nitrosyls, and nitrated lipids, should be evaluated in blood NO transport along the vasculature. N itric oxide (NO) is a diatomic free radical molecule that plays a principal role in basal blood flow regulation and vascular homeostasis. Although NO is inactivated by dioxygenation reaction with oxyhemoglobin, a perierythrocytic unstirred layer (1, 2), membrane diffusion barrier (3), and cell-free zone in laminar flowing blood (4) reduce NO-hemoglobin reactions Ϸ600-fold, permitting tonic NO-dependent vasodilation and NO reactions with plasmatic proteins and other gas molecules (recently reviewed in ref. 5). The reaction of NO with plasma has been the subject of intense study after initial reports that human plasma contains 7 M S-nitroso-albumin (SNO-albumin), effectively creating a major paradigm that S-nitrosothiols serve as a stable circulating storage form of NO (6). Such a model has been supported by observations of the vasoactivity of infusions of SNO-albumin in animal models, distal vasodilation during infusions of NO solutions into the brachial artery, and the in vitro and in vivo formation of SNO-albumin with micromolar NO exposure to plasma (7-16).
There exist reaction products of nitric oxide (NO) with blood that conserve its bioactivity and transduce an endocrine vasomotor function under certain conditions. Although S-nitrosated albumin has been considered the major species subserving this activity, recent data suggest that additional NO species, such as nitrite, nitrated lipids, N-nitrosamine, and iron-nitrosyl complexes, may contribute. We therefore examined the end products of NO reactions in plasma and blood in vitro and in vivo by using reductive chemiluminescent assays and electron paramagnetic resonance spectroscopy. We found that NO complexes in plasma previously considered to be S-nitrosated albumin were <10 nM after elimination of nitrite and were mercury-stable, consistent with ironnitrosyl or N-nitrosamine complex. During clinical NO gas inhalation protocols or in vitro NO donor treatment of human plasma, S-nitroso-albumin did not form with NO exposure <2 M, but plasma methemoglobin was detectable by paramagnetic resonance spectroscopy. Consistent with this formation of methemoglobin, human plasma was found to consume Ϸ2 M NO at a rate equivalent to that of hemoglobin. This NO consumption was mediated by the reaction of NO with plasma haptoglobin-hemoglobin complexes and limited slower reaction pathways required for S-nitrosation. These data suggest that high-affinity, metalbased reactions in plasma with the haptoglobin-hemoglobin complex modulate plasmatic NO reaction products and limit S-nitrosation at low NO flux. The studies further suggest that alternative NO reaction end products in plasma, such as nitrite, N-nitrosamines, iron-nitrosyls, and nitrated lipids, should be evaluated in blood NO transport along the vasculature. N itric oxide (NO) is a diatomic free radical molecule that plays a principal role in basal blood flow regulation and vascular homeostasis. Although NO is inactivated by dioxygenation reaction with oxyhemoglobin, a perierythrocytic unstirred layer (1, 2) , membrane diffusion barrier (3) , and cell-free zone in laminar flowing blood (4) reduce NO-hemoglobin reactions Ϸ600-fold, permitting tonic NO-dependent vasodilation and NO reactions with plasmatic proteins and other gas molecules (recently reviewed in ref. 5 ). The reaction of NO with plasma has been the subject of intense study after initial reports that human plasma contains 7 M S-nitroso-albumin (SNO-albumin), effectively creating a major paradigm that S-nitrosothiols serve as a stable circulating storage form of NO (6) . Such a model has been supported by observations of the vasoactivity of infusions of SNO-albumin in animal models, distal vasodilation during infusions of NO solutions into the brachial artery, and the in vitro and in vivo formation of SNO-albumin with micromolar NO exposure to plasma (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) .
However, over the last 10 years the measured levels of plasma S-nitrosothiol and SNO-albumin have varied widely with different analytical methodologies and different species (Table 1 and Supporting Text, which are published as supporting information on the PNAS web site). One year after the initial observation of 7 M SNO-albumin in plasma (6), the same laboratory published levels of SNO-albumin of 0.7 M (17). The development of new methods to selectively eliminate nitrite and the use of the reductive cleavage of the S-NO linkage with triiodide solutions suggested that the levels of SNO-albumin were actually Ͻ30 nM (9, (12) (13) (14) (18) (19) (20) . Feelisch and colleagues (19) subsequently reported, and we now confirm, that this signal is largely mercury-stable, inconsistent with an S-nitrosothiol. Although the differences in levels reported in the literature may be secondary to methodologies used (photolysis of samples versus chemical reduction), species differences in thiol reactivities, and disease or treatment states (sepsis, renal failure, etc.), it is now clear that, in addition to SNO-albumin, other reaction products form that may be capable of NO storage and delivery along the vasculature. These species may include nitrite (21) , N-nitrosamines (19, 22, 23) , iron-nitrosyls, (24) and recently identified nitrated lipids (25) .
In this study, we characterize, in vitro and in vivo, the reaction of physiological levels of NO (Ͻ2 M NO) with human plasma. We find that, in addition to SNO-albumin, nitrite and mercury-stable NO species form. Importantly, human plasma rapidly consumes Ϸ1-2 M NO, and this reaction is mediated by the dioxygenation reaction of NO with plasma haptoglobin-hemoglobin complexes. This metal-based, high-affinity reaction appears to limit formation of plasma S-nitrosothiols during NO gas inhalation or if plasma is exposed to a Ͻ2 M NO donor or solution. Interestingly, nitrite formation partially out-competes hemoglobin-based NO inactivation, suggesting that metal-based, high-affinity NO oxidase pathways might contribute to nitrite formation in vivo.
collected from artery or vein by using large-bore catheters (18 gauge). The first 3 ml of blood was discarded, and the blood then slowly drawn into heparinized syringes. Blood was then spun at 750 ϫ g for 5 min without braking, and then the plasma was removed. Plasma was then spun at 14,000 ϫ g for 10 min to eliminate residual erythrocytes and platelets. To validate that blood processing and sampling did not lyse erythrocytes, we did serial transfers and centrifugations from tube to tube by using angiocatheters and syringes and found no increase in hemolysis with each transfer. For the measurement of plasma Snitrosothiol content, blood was collected in heparinized vacutainers containing 0.1 mM diethylenetriaminepentaacetic acid (DTPA) and 8 mM N-ethylmaleimide (NEM) (12, 13) .
Detection of S-nitrosothiol (Mercury-Labile) and Mercury-Stable Complexes in Plasma. We determined the plasma levels of NO-modified proteins in plasma by using a triiodide͞ozone-based chemiluminescence assay. Briefly, blood samples were collected in heparinized vacutainers containing added DTPA (0.1 mM) and NEM (8 mM) then chilled and centrifuged at 750 ϫ g for 5 min. To measure total NO-modified proteins, plasma was treated with a 1͞10th volume of 5% acidified sulfanilamide (5% sulfanilamide in 1 M HCl) for 3 min and then injected into a triiodide-containing vessel actively purged with a helium stream in line with an NO chemiluminescence analyzer (Sievers, Boulder, CO) (12) . To discriminate Snitrosothiol (mercury-labile) and iron-nitrosyl͞N-nitrosamine (mercury-stable) complexes, plasma was treated with and without HgCl 2 (5 mM) for 2 min, followed by a 3-min treatment with acidified sulfanilamide before injection of sample into triiodide solution (19) . Extensive assay validation was performed for human and bovine SNO-albumin ( Fig. 1 A and B) . Reductive decomposition of SNO-albumin was limited by plasma treatment with NEM as previously reported (12, 14) and by collection of plasma in heparin with DTPA (as opposed to EDTA, which produced variable S-nitrosothiol decomposition) (data not shown).
NO Consumption Assay.
A 50-ml solution of 40 M DETA NONOate in PBS, pH 7.4, was prepared in a glass vessel actively purged with helium in-line with an NO chemiluminescence analyzer. This solution produced a steady-state NO signal of Ϸ50-70 mV, which was generated by the decay of DETA-NONOate and the release of NO. When the signal became stable, 50-l samples of standards or plasma fractions were injected into the NONOate solution. Known concentrations of hemoglobin were used to create standard curves and produced concentration-dependent, linear, and reproducible decreases in the baseline NO signal (NO consumption, mV). Data were transferred to the software program ORIGIN Version 6.1 (OriginLab, Northampton, MA) for analysis of the area under the curve of decreasing NO signal over time. The amount of NO consumed is quantified by comparison of the area under the curve with that of NO gas standards (produced from injections of nitrite into triiodide), and this amount of NO consumed stoichimetrically matches the concentration of the oxyhemoglobin standards injected ( Fig. 2A Inset) . Similar volumes of plasma, albumin solutions, and plasma treated or prepared as described in Materials and Methods and Results were injected into the DETA-NONOate solution to determine the amount and mechanism of NO consumption by plasma.
In this experimental system, the concentration of NO in the purge vessel is proportional to the kinetic relationship between the rate of NO formation from DETA-NONOate and the rate of NO disappearance, which is the sum of purging and the reaction of injected proteins with NO. Because the flow rates of the purging gas and all other parameters (volume of injection, volume in purge vessel, and surface area) are constant, the decrease in signal after a plasma or protein-sample injection reflects the removal of NO at a rate comparable with that of an equivalent area under the curve observed for oxyhemoglobin (in terms of heme concentration). gradient. Fractions were assayed for NO consumption activity and analyzed by SDS͞PAGE and matrix-assisted laser desorption ionization-time-of-flight (MALDI-TOF). Active fractions were further purified by chromatography on a Q Sepharose HP and Sephacryl S-200 columns (Amersham Pharmacia). Mass spectrometry (MALDI-TOF) was performed as described in ref. 24 . Detailed methodology is published as supporting information.
EPR of Human Plasma Methemoglobin Before and After NO Inhalation.
Methemoglobin was measured by EPR by using a Bruker Elexsys spectrometer equipped with a liquid helium cryostat with the following settings: microwave power, 2 mW; scan width, 500 G (1 G ϭ 0.1 mT); sweep time, 42 s, time constant, 21 ms; modulation amplitude, 5 G; temperature, 4.5 K. The observed signals were at the level of detectability, and the signal͞noise ratio was too low to allow double integration. For this reason, the spectra were taken under nonsaturating conditions to preserve spectral shape, and quantification was accomplished by correlation of the data with that of a known standard taken under identical conditions. This method allowed quantitative analysis of plasma methemoglobin at concentrations Ͼ20 nM. In validation experiments, plasma with immunodepleted hemoglobin had no detectable hemoglobin by liquidhelium EPR, and added methemoglobin standards in plasma from the low nM to 4 M were readily detected at g ϭ 6 and 9.63 GHz (r 2 ϭ 0.992, P Ͻ 0.001).
In Vitro Reactions of NO and Plasma. To measure the yields of nitrite and S-nitrosothiols from exogenous NO added to plasma and in PBS, we added various concentrations of the NO donor ProliNONOate (ProliNO, Cayman Chemical, Ann Arbor, MI) to 750 l of plasma or buffer and allowed the mixture to incubate for 30 min at room temperature. Volumes at 1, 2, 4, 8, 16, and 32 l of the diluted, ice-cold ProliNO solution were added to 750 l of sample. After a 30-min incubation, the samples were frozen on dry ice. To measure nitrite concentration, the samples were thawed and directly injected into I 3 Ϫ solution for chemiluminescence detection as described above. To measure S-nitrosothiol formation, the samples were treated with acidified sulfanilamide with and without HgCl 2 before injection. In some experiments, before NO donor additions, free thiols in PBS or plasma were blocked by a 10-min room temperature incubation with freshly prepared NEM at a final concentration of 5 mM.
Results

Levels of S-nitrosothiol in Human Plasma and Reaction Products of NO
in Plasma During NO Gas Inhalation. SNO-albumin is rapidly reduced or eliminated by transnitrosation in human plasma and must be stabilized by addition of NEM to block free thiols (12, 14) . We used the method of Marley et al. (12) for detection of plasma SNOalbumin; however, we hypothesized that the detected signal in triiodide-based reductive chemiluminescence could represent an iron-nitrosyl complex (26) or an N-nitrosamine complex (19) because this assay releases NO from both iron-nitrosyls, Nnitrosamines, and S-nitrosothiols. We drew venous blood from fasting normal human volunteers into heparin-containing vacutainers with 8 mM NEM (final concentration in plasma). Additional NEM was added to plasma, and then plasma was reacted with and without 5 mM HgCl 2 (to eliminate S-nitrosothiol) and then in 0.1 M HCl͞0.5% sulfanilamide to remove nitrite. The assay was extensively validated by using human and bovine SNO-albumin ( Fig. 1 A and B; r 2 ϭ 0.99, P ϭ 0.007 for human SNO-albumin and r 2 ϭ 0.96, P ϭ 0.004 for bovine SNO-albumin). As shown in Fig. 1  A and B , the assay is sensitive down to Ϸ1 nM SNO-albumin in plasma (collected in heparin, NEM, and DTPA to stabilize SNOalbumin). By using this assay, the 7.5-10 nM NO signal detected in plasma by triiodide-based reductive chemiluminescence was largely mercury-stable, which is chemically consistent with an iron-nitrosyl or N-nitrosamine complex and confirms experiments recently published by Rassaf et al. (19) . The levels of mercury-subtractable signal (i.e., SNO-albumin) were Ͻ5 nM ( Fig. 1 C and E) . The low yields of S-nitrosothiol were not increased by collection of blood in excess NEM, heparin, EDTA, or DTPA (data not shown). All samples for S-nitrosothiol measurement were performed immediately without freeze-thaw.
In 16 subjects, 80-ppm inhaled NO was delivered by facemask with 21% oxygen. There was no detectable increase in plasma SNO-albumin (0.59 Ϯ 0.31 nM to 0.67 Ϯ 0.34 nM, P ϭ 0.86), whereas the mercury-stable signal increased Ϸ0.5 nM (4.98 Ϯ 0.32 nM to 5.52 Ϯ 0.35 nM, P ϭ 0.013; see Fig. 1D ). Similar results were obtained in dose-response experiments with 40-and 80-ppm NO gas inhalation (Fig. 1E) . Plasma methemoglobin levels measured by liquid-helium EPR (g ϭ 6, 9.63 GHz) rose by 32 nM, from 44 Ϯ 5 nM to 76 Ϯ 14 nM (P ϭ 0.018), consistent with greater reactivity of NO in plasma with a circulating Fe(II) heme complex (Fig. 1 F  and G) .
Plasma NO-Scavenging Activity. We previously observed that normal human plasma consumes 2 M NO within the reaction time of an amperometric NO electrode (26) . The ability of plasma to extinguish this concentration of NO would have important effects on the disposition of NO in plasma. To measure the NO-consuming activity of plasma, we took advantage of DETA NONOate, which releases NO with a prolonged half-life at room temperature and neutral pH. A solution of PBS and 40 M DETA NONOate was placed in a glass vessel actively purged with helium in-line with a chemiluminescent NO detector (Seivers). In our experiments, a 50-to 70-mV baseline signal resulted from 40 M DETA NONOate in solution and served as a steady-state signal of NO production from which NO consumption was determined. Because free hemoglobin is a known NO scavenger, it was used to standardize our system. Injection of free hemoglobin resulted in a rapid, transient reduction of NO signal (Fig. 2 A) . The area under the curve of this signal was proportional to the amount of NO scavenged.
As shown in Fig. 2 A, NO scavenging by oxyhemoglobin was linear when tested at 0-10 M oxyhemoglobin. In our system, 50 l of plasma obtained from normal volunteers resulted in the consumption of Ϸ1.72 Ϯ 0.28 M of NO (Fig. 2B) . This result is similar to our previous observations in normal volunteers, for which we used an NO-electrode-based consumption assay (26). Rafikova et al. (16) recently reported that plasma consumed 1.7 M NO and hypothesized that this occurred secondary to catalytic NO autooxidation in the hydrophobic core of albumin, suggesting that albumin might account for our observed NO consumption. However, Rafikova et al. (16) demonstrated plasmatic consumption of 1.7 M NO when 0.4 ml of 50 mM nitrite was added to albumin or rat plasma (0.1 g of dry powder from Sigma) in a 10-ml solution of 0.1 M H 2 SO 4 with 0.1 M KI; these data are likely consistent with S-nitrosothiol formation in presence of acidified nitrite. In our experiments, we find that plasma consumes Ϸ1.7 M NO under physiological conditions (undiluted plasma at neutral pH), and, as described below, albumin does not account for this consumption.
Source of NO Consumption by Human Plasma. To further characterize NO scavenging by normal plasma, we approached the problem in several different ways shown in Fig. 3 A and B . First, we determined whether albumin was the NO-scavenging complex in plasma. Albumin is the most abundant protein in plasma and has been considered the major storage pool of NO bioactivity by means of stable S-nitrosation of its free cysteine residue (6, 16) . Reduced human and bovine albumins were injected into the NO consumption system and neither albumin solution scavenged NO. Furthermore, there was no observed NO scavenging by albumin whether under helium or 100% oxygen. Second, ultrafiltration revealed that plasma NO scavenging was contained in a high-molecular-mass fraction of plasma, because the retentate from 100-kDa filtration maintained the NO scavenging activity. Third, we demonstrated that plasma NO scavenging was partially sensitive to metal chelation (12-h incubation with DTPA and EDTA) and completely inhibited by oxidation with ferricyanide.
Finally, detailed purification of the plasma NO-scavenging component was carried out. Albumin was removed by passing plasma through an Affi-Gel Blue column (Bio-Rad). This albumindepleted plasma maintained NO consumption activity and thus was further fractionated by IEF (Bio-Rad Rotofor system). The active fraction after IEF was further purified by passage through Q Sepharose and Sephacryl S-200 columns. At all steps, the fractions were monitored for NO scavenging ability and analyzed by SDS gel for protein determination. Analysis of active IEF fractions by MALDI-TOF indicated the presence of a number of proteins, including apolipoproteins A, B, and E, as well as transferrin, ␤2-macroglobulin, haptoglobin, ceruloplasmin, hemopexin, hemoglobin, and complement factor B. After ion exchange chromatography, transferrin was absent from the active fractions.
Immunoblot with anti-human hemoglobin antibody revealed that hemoglobin was present in all active fractions after IEF (Fig. 3C ) and in plasma from normal subjects (Fig. 3D) . Interestingly, the amount of hemoglobin detected by both immunoblot analysis and by hemoglobin ELISA correlated with NO-scavenging activity (Fig.  3E) . These results suggested that hemoglobin may be responsible for NO scavenging; however, this result was unanticipated because the hemoglobin tetramer is Ͻ100 kDa. We therefore considered that hemoglobin may complex with other macromolecules in plasma to contribute to the NO-scavenging effect. This hypothesis was consistent with the codetection of hemoglobin and haptoglobin from active IEF͞Q Sepharose and Sephacryl S-200 columns by MALDI-TOF. Immunoprecipitation of hemoglobin or haptoglobin from plasma demonstrated that removing these complexes eliminated the plasma NO-scavenging activity (Fig. 3F) . Antihuman albumin antibody and beads without coupling of any antibodies were used as controls and did not eliminate NO scavenging. Furthermore, MALDI-TOF demonstrated that both hemoglobin and haptoglobin were present in eluate after plasma immunoprecipitation with anti-hemoglobin and anti-haptoglobin antibodies (data not shown).
We further studied the complex of hemoglobin and haptoglobin by treating the active IEF fraction and plasma with and without 1% SDS and separation by PAGE under native conditions. Immunoblot with anti-hemoglobin showed that hemoglobin was complexed with haptoglobin and migrated slowly as a large-molecular-mass multimeric complex (Fig. 3G) .
Reduction of Fe(III) Hemoglobin to Fe(II) Hemoglobin by Plasma.
To assess the ability of plasma to reduce Fe(III) hemoglobin to Fe(II) hemoglobin, we incubated 15 M methemoglobin in 500 l of freshly obtained human plasma and observed a steady increase in NO consumption over 120 min. A Ͻ10-kDa filtrate of human plasma reduced methemoglobin at a comparable rate. Methemoglobin was also reduced by ascorbate and urate (plasma reduced methemoglobin at the same rate as 0.1 and 0.5 mM ascorbate). Consistent with this in vitro effect, after discontinuation of NO inhalation in five normal volunteers, the methemoglobin signal measured by EPR decreased over 1 h, consistent with an in vivo reduction of Fe(III) to Fe(II) plasma hemoglobin (Fig. 1 F and G) . These results oppose the widely held view that hemoglobin in plasma is rapidly oxidized to methemoglobin and are consistent with previously published studies showing that plasma hemoglobin in patients with sickle cell disease is 84% Fe(II)-state (26) .
Plasma NO-Scavenging Activity Limits SNO-Albumin Formation. To determine whether the presence of haptoglobin-hemoglobin complexes in plasma modulates NO reaction products in plasma, we examined such product yields at NO concentrations below and above 2 M. Plasma was incubated with ProliNONOate at concentrations indicated for 30 min and then analyzed for nitrite, S-nitrosothiol, and mercury-stable NO-complexes. Consistent with high-affinity scavenging of NO by haptoglobin-hemoglobin complexes, S-nitrosation chemistry was limited at NO concentrations Ͻ2 M (Fig. 4A) . After saturation of the haptoglobin-hemoglobin with NO exposure Ͼ2 M, the levels of S-nitrosothiol and nitrite increased to 3% and 70% of the total NO added, respectively (Fig.  4A) . Similar product yields of micromolar NO additions in plasma have been reported by Rassaf and colleagues (19) . As an additional assay control, plasma was pretreated with NEM to confirm Snitrosothiol specificity of assay (Fig. 4B) . Immunoprecipitation of hemoglobin from plasma resulted in an increased nitrite (Fig. 4C) and S-nitrosothiol yield (Fig. 4C Inset) , supporting a role for the haptoglobin-hemoglobin complex in modulating NO reactions in plasma. Interestingly, although nitrite did not form with the addition of a Ͻ2 M NO donor to PBS with 2 M hemoglobin, in plasma, 30% of added NO (at concentrations Ͻ2 M NO) formed nitrite even in the presence of haptoglobin-hemoglobin complexes (Fig. 4D) . This finding suggests that there exists fast NO oxidase reaction pathways, likely metal-based, for nitrite formation that can compete with the NO-hemoglobin reaction. A similar NO oxidase activity has been observed in cardiomyosytes and ascribed to cytochrome c oxidase (28) .
Discussion
In this study, we evaluate the reaction pathways for NO in human plasma in vivo and in vitro. Consistent with the recent work of Rassaf and colleagues (19) , our data suggest that plasma NO complexes, measured by triiodide-based reductive chemiluminescence and previously considered to be SNO-albumin, are largely mercurystable and thus represent iron-nitrosyl-or N-nitrosamine complexes. In our studies, SNO-albumin does not form during NO gas inhalation in human volunteers, and in vitro we observe limited SNO-albumin formation with NO exposure Ͻ2 M. These studies further suggest that the limited formation of S-nitrosothiol in vitro and in vivo occurs secondary to the rapid, high-affinity dioxygenation reaction of NO with plasma haptoglobin-hemoglobin complexes in addition to the reactions of NO with intraerthrocytic hemoglobin. As opposed to SNO-albumin, nitrite forms at all NO concentrations with approximate 30% yield below 2 M NO flux and 70% yield above 2 M NO flux. These data require a reappraisal of current models of NO storage and transport in plasma, suggesting that other NO-derived species may contribute and that heme-NO reactions participate in plasmatic NO homeostasis and modulate reaction pathways. We suggest that these data support an expanded examination of the potential plasma NO storage species, including nitrite (21) , N-nitrosamines (19, 22, 23) , iron-nitrosyls (24) , and recently identified nitrated lipids (25) .
The levels of S-nitrosothiol in plasma observed here are consistent with the results of a number of research groups that used reductive chemiluminescent assays and are strikingly lower than previously published values obtained from photolysis-based chemiluminescence. We recognize that these differences in levels reported in the literature may be secondary to methodologies used (photolysis of samples versus chemical reduction), species differ- ences in thiol reactivities, and disease or treatment states (e.g., sepsis, renal failure, etc.). However, the methodology used in this study is highly sensitive and specific for SNO-albumin, SNOhemoglobin, and S-nitrosated glutathione, cysteine, and penicillamine, and has been independently confirmed by multiple research groups (19, 20, (29) (30) (31) (32) (33) (34) (35) . Many of the discrepancies in published values are between values measured by using photolysis-based ligand reduction. Although these methods are extremely sensitive, Dejam and colleagues (36) have demonstrated that photolysisbased assays in the presence of thiols may convert nitrate to NO, thus leading to high measured levels of S-nitrosothiol in biological mediums. On the other hand, investigators using such methodologies have been careful to remove contaminating nitrate in many of these studies. Continued studies comparing both methodologies are required to fully resolve these discrepancies.
Regardless of the actual levels of plasma SNO-albumin observed in this study, we observed a striking ability of plasma to rapidly consume NO; this fast consumption reaction appeared to greatly modulate NO product yields both in vitro and in vivo. The identification of the haptoglobin-hemoglobin complex as the source of this NO scavenging is consistent with a role for the haptoglobinhemoglobin complex in regulating vascular homeostasis and NO bioavailability. It has been reported that (37, 38) complexes of hemoglobin-haptoglobin inhibit endothelium-dependent relaxation. Our results demonstrate that this complex holds hemoglobin dimer in the Fe(II) oxidation state and reacts with NO in a diffusion-limited dioxygenation reaction to scavenge and inactivate NO. These observations potentially provide a mechanism for the observed inhibition of endothelium-dependent relaxation (37) as well as the associations of haptoglobin phenotype with cardiovascular disease risk (39) (40) (41) (42) (43) (44) . Interestingly, the ability of this complex to inhibit acetylcholine-induced, endothelium-dependent relaxation is less than that of free hemoglobin, suggesting that the formation of high-molecular-mass haptoglobin-hemoglobin multimers serves to limit the NO-scavenging effects on blood vessels. This molecular-mass-associated reduction in vascular NO scavenging has also been observed with the high-molecular-mass, ''decorated,'' synthetic hemoglobin preparations (45) .
The consistent levels of plasma haptoglobin-hemoglobin in human plasma observed in our study and others, the maintenance of the hemoglobin in a reduced form by plasmatic reductants, and the formation of high-molecular-mass multimers suggest a physiologically regulated system that participates in NO homeostasis. NO is capable of diffusion to great distances at physiological oxygen tensions in tissue (46) . As such, endothelially produced NO would be capable of distant endocrine vasodilation, resulting in a loss of local metabolic and flow-regulated vasocontrol. We speculate that a teleologically maintained balance of erythrocytic red blood cell mass (with limitation of NO reactivity by perierythrocytic diffusional barriers) and plasma haptoglobin-hemoglobin complexes (with limitation of NO reactivity by formation of high-molecularmass multimers) limits NO largely as a locally produced and regulated paracrine vasodilator (5, 47) . During hypoxic or metabolic stress, intravascular NO-stabilizing species, such as SNOalbumin, nitrite (21) , N-nitrosamines (19, 22, 23) , iron-nitrosyls (20) , and recently identified nitrated lipids (25) , may participate in NO homeostasis. Future studies evaluating the role of haptoglobin multimer formation, haptoglobin haplotypes, and haptoglobin polymorphisms will be required to test this thesis.
